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SUMMARY 

The t r a n s m i s s i o n  l o s s  i s  c a l c u l a t e d  which may be  e x p e c t e d  
f r o m  p r e c i p i t a t i o n  s c a t t e r  between ea r th  s t a t i o n s  i n  t h e  s p a c e  
s e r v i c e  and microwave r a d i o - r e l a y  s t a t i o n s  s h a r i n g  t h e  same 
f r e q u e n c y  band. The g e o m e t r i c a l  and m e t e o r o l o g i c a l  f a c t o r s  a re  
d e v e l o p e d ,  i n c l u d i n g  many approx ima t ions  which p e r m i t  u s e  of  t h e  

meager a v a i l a b l e  da ta  t o  p r o v i d e  rough b u t  v a l u a b l e  s i t i n g  
c r i t e r i a .  It i s  shown t h a t  low a l t i t u d e  beam i n t e r s e c t i o n s  i n  
most c l i m a t e s  g i v e  r i s e  t o  l o w  l o s s e s  which may c a u s e  h a r m f u l  
i n t e r f e r e n c e  and t h e r e f o r e  should  b e  c o n s i d e r e d  i n  t h e  c o o r d i n a -  
t i o n  p r o c e d u r e .  The e f f e c t s  of  s i d e l o b e s  may b e  t a k e n  i n t o  
a c c o u n t  i n  t h e  n o n - i n t e r s e c t i n g  c a s e s  by a v o i d i n g  i n t e r s e c t i o n s  
o f  t h e  e a r t h - s t a t i o n  beam a x i s , a n d  c y l i n d e r s  w i t h  r a d i i  o f  abou t  
s i x  mi l e s  c e n t e r e d  on t h e  r a d i o - r e l a y  s t a t i o n  beam a x e s .  
F u r t h e r  w e a t h e r  radar data  on r e f l e c t i v i t y  p r o f i l e s  of  s t o r m s ,  
e x p e c i a l l y  i n  t h e  t r o p i c s ,  are u r g e n t l y  needed .  
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SECTION 1 

PROBLEM 

1.1 GENERAL 

Both s p a c e  and t e r r e s t r i a l  s e r v i c e s  have  been  a s s i g n e d  f r e -  
q u e n c i e s  i n  t h e  same pa r t s  of t h e  1- t o  10-GHz band b e c a u s e  o f  a 
common need  f o r  wide bands s u i t a b l e  f o r  l i n e  of s i g h t  p r o p a g a t i o n .  
To make t h i s  s h a r i n g  p r a c t i c a l  and  a d v a n t a g e o u s ,  t h e  C C I R  has 
been d e v e l o p i n g  p o l i c i e s  t o  i n s u r e  t o l e r a b l e  i n t e r f e r e n c e  w i t h  

minimum r e s t r i c t i o n  on t h e  p a r t i e s  i n v o l v e d .  I n  t h e  c a s e  of  
p r o p a g a t i o n  between e a r t h  s t a t i o n s  i n  t h e  s p a c e  s e r v i c e  and 
c o n v e n t i o n a l  r a d i o - r e l a y  s t a t i o n s ,  o n l y  t r o p o s p h e r i c  p r o p a g a t i o n  
a l o n g  t h e  i n t e r v e n i n g  g r e a t - c i r c l e  p a t h  has been  c o n s i d e r e d  by 
t h e  C C I R  i n  d e t a i l .  The  i n t e r f e r e n c e  i s  d e f i n e d  i n  terms o f  
power exceeded  0 . 0 1  p e r c e n t  o f  the  t i m e ,  and s i t e  s h i e l d i n g  from 
a r i n g  of  h i l l s ,  f o r  e x a m p l e ,  has been assumed t o  p r o v i d e  p r o t e c -  
t i o n .  

1 . 2  SPECIFIC 

It i s  known, however ,  t h a t  t h e  s c a t t e r i n g  o f  r a d i o  waves 
from p r e c i p i t a t i o n  i s  q u a s i - i s o t r o p i c ,  as d i s c u s s e d  i n  t h e  f o l l o w i n g ,  
s o  t h a t  ha rmfu l  i n t e r f e r e n c e  may a r i s e  from d i r e c t i o n s  w e l l  o f f  
t h e  g r e a t - c i r c l e  p a t h ,  and a l o n g  t h e  g r e a t - c i r c l e  p a t h  even i n  
s p i t e  o f  s h i e l d i n g  e f f e c t i v e  a g a i n s t  o n l y  c o n v e n t i o n a l  fo rward  
s c a t t e r ,  which i s  c r i t i c a l l y  dependent  on low l a u n c h  a n g l e s .  
T h i s  was f i rs t  d e m o n s t r a t e d  by Doher ty  ( R e f e r e n c e  1) and a n a l y z e d  
by Dennis  ( R e f e r e n c e  2 ) .  More r e c e n t l y ,  NASA has s u p p o r t e d  e x p e r i -  
ments  ( R e f e r e n c e  3 )  f o r  v e r i f i c a t i o n  b y  ESSA/ITSA (CRPL)  o f  t h e  

r e a l i t y  of t h e  problem,and  t h e  p r e s e n t  s t u d y  to d e t e r m i n e  t h e  
d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e  i n  t i m e  and 
s p a c e .  

1-1 



SECTTON 2 

GEOMETRY 

2.1 ELEMENTARY 

If a homogeneous i s o t r o p i c  medium and c e r t a i n  t e r m i n o l o g y  a re  
assumed, t h e  m e t e o r o l o g i c a l  a s p e c t s  may b e  de fe r r ed  and t h e  geom- 
e t r y  a t t a c k e d  i n d e p e n d e n t l y .  For a small  s c a t t e r i n g  volume e l e -  
ment ,  u s i n g  meters and rad ians  e x c e p t  as n o t e d ,  

where  dpr = power r e c e i v e d  a t  d i s t a n c e  d, 

dp, = power s c a t t e r e d  i s o t r o p i c a l l y  

A, = e f f e c t i v e  r e c e i v i n g  a n t e n n a  area 

g, = e f fec t ive  antenna g a i n  

X = wave leng th  = 300/ f requency  i n  MHz 

But  

dps = Q s p t g t / 4 n d t 2  

where  Q6 = t o t a l  e f f e c t i v e  s c a t t e r i n g  c r o s s  s e c t i o n  

p t  = power t r a n s m i t t e d  a t  d i s t a n c e  d, 

g, = e f f e c t i v e  t r a n s m i t t i n g  a n t e n n a  g a i n  

Also, 

Qs = ZdV/3.6 x i O 1 5 P  

where dV = s c a t t e r i n g  volume element  

Z = radar  r e f l e c t i v i t y  f a c t o r  ( R e f e r e n c e  6 )  p e r  u n i t  
volume i n  mm6/m3 

= T x 3.6 x l O I 5 X 4  f o r  R a y l e i g h  s c a t t e r i n g  

q = Q,/V = r e f l e c t i v i t y  p e r  u n i t  volume 

2-1 
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Combining t h e  p r e c e d i n g ,  t h e  t r a n s m i s s i o n  l o s s  i s  

2 . 2  INTERSECTING BEAMS 

To d e r i v e  a s i m p l e  e x p r e s s i o n  f o r  t h e  volume common t o  two 
i n t e r s e c t i n g  beams, i t  i s  u s e f u l  a t  t h i s  p o i n t  t o  r e c o g n i z e  t h a t  

t h e  e a r t h - s t a t i o n  a n t e n n a  i s  u s u a l l y  much l a r g e r  t h a n  t h a t  o f  t h e  

t e r r e s t r i a l  r a d i o - r e l a y  s t a t i o n ,  and t h a t  i t s  e l e v a t i o n  a n g l e  i s  
u s u a l l y  much h ighe r  t h a n  t h e  l a t t e r ' s  s o  t h a t  i t s  beam d i a m e t e r  
a t  t h e  common volume w i l l  b e  much smal le r .  Then t h e  volume may 
be  c o n s i d e r e d  as a c y l i n d e r  of diameter d e f i n e d  by t h e  ear th-s ta -  

t i o n  a n t e n n a  ha l f -power  beamwidth, b e s ,  and f o r  g e n e r a l i t y ,  o f  a 
l e n g t h  s a l o n g  t h i s  c y l i n d e r ,  which may depend on t h e  l a r g e r  
beamwidth o r  on t h e  m e t e o r o l o g i c a l  model.  

Thus,  w i t h  V = a ( b e s d e s ) 2 s / 4  and  t h e  r e l a t i o n s h i p  gesbes2=a2  
( R e f e r e n c e  4 ) ,  where des and ges a r e  t h e  d i s t a n c e  from and g a i n  
o f  t h e  e a r t h - s t a t i o n  a n t e n n a ,  it i s  found t h a t  

where t r a n s m i s s i o n  now may be i n  e i t h e r  d i r e c t i o n ,  b u t  g and 

t o ,  t h e  t e r r e s t r i a l  r a d i o - r e l a y  s t a t i o n .  I f  t h e  two beams i n t e r -  
s e c t  i n  a homogeneous medium, t h e n  a p p r o x i m a t e l y  

t s  
a r e  t h e  g a i n  o f ,  and t h e  d i s t a n c e  from t h e  s c a t t e r i n g  volume dt s 

s = d t s b t , / s i n  8 (2-6) 

where b t s  i s  t h e  r a d i o - r e l a y  s t a t i o n  3-dB beamwidth and e i s  t h e  
s c a t t e r  a n g l e  between t h e  beams. 

2-2 



USiRg g t s b t s 2  = n2, it is  seen t h a t  i n  t h i s  case 

pp /p t  = Z/1017X2b, ,dt ,s in  0 ( 2 - 7 a )  

17 2 = Z/10  X b t , d  s i n  e , ,  

b y  t h e  law o f  s i n e s ,  where d i s  t h e  s e p a r a t i o n  ana  O e s  t h e  a n g l e  
between t h e  g r e a t - c i r c l e  p a t h  and t h e  l i n e  from t h e  e a r t h  s t a t i o n  
t o  t h e  s c a t t e r i n g  volume. I f  t h e  medium i s  no t  homogeneous, b u t  
Z f o l l o w s  a b i l i n e a r  p r o f i l e  a s  i n d i c a t e d  i n  P a r a g r a p h  3 . 4 ,  an  
e q u i v a l e n t  f a c t o r ,  Z e ,  may be  used  as d e r i v e d  i n  t h e  f o l l o w i n g  
u s i n g  h and D i n  k i l o m e t e r s .  

If t h e  beams i n t e r s e c t  a t  h e i g h t  hx ,  i n  an  a tmosphere  w i t h  

r e f r a c t i v i t y  g r a d i e n t  c o r r e s p o n d i n g  t o  an  e f f e c t i v e  e a r t h ’ s  
r a d i u s  k t imes t h e  r e a l  r a d i u s ,  t h e  smaller beam l e a v e s  t h e  

l a rge r  a p p r o x i m a t e l y  a t  h e i g h t  hx + hb where E 

s t a t i o n  beam e l e v a t i o n ,  and 
i s  t h e  ear th-  e s  

2h, = D, b, s i n  tan-’ [ t a n  E, /sin cose1 (cose/cosE, , ) ]  (2-8)  

Then 

where hl  = hx - EtsDts  

- - hx - hb 

h2  = hx + hb 

z, = - 1 /”’ Z ( h )  d h  

hl 
2hb (2 -9 )  

The i n t e g r a l  i s  d i v i d e d  by 2hb i n s t e a d  o f  h2  - hl because  
E q u a t i o n  (2-7a)  u s e s  a volume double  what i t  s h o u l d  be  when t h e  

r a d i o - r e l a y  beam a x i s  i s  on t h e  h o r i z o n  f o r  E t s  = 0 .  

2-3 



F o r  t h e  b i l i n e a r  p r o f i l e  o f  P a r a g r a p h  3 .4 ,  

where c = c2 

Z ( h )  = exp 2 . 3 ( h - j ) / c  o r  log Z ( h )  = ( h - j ) / c  
(249) 

h r h o  

c = c1 

and ho = b i l i n e a r  b r e a k  h e i g h t .  

I n t e g r a t i n g  E q u a t i o n  ( 2 - 9 ) ,  when b o t h  hl and h 2  l i e  above  
o r  below h o ,  

(2-11) 

(. 2 - 1 2  ) 

When ho l i e s  be tween hl and hz 

2 . 3  GENERAL CASE 

I n  t h e  g e n e r a l  c a s e  t h e  beam a x e s  do not  i n t e r s e c t ,  and t h e r e  
may b e  no volume common t o  t h e  3-dB beam c o n e s .  T h i s  c a s e  i s  
t r e a t e d  by computing t h e  t r a n s m i s s i o n  loss between t h e  main beam 

o f  e a c h  t e r m i n a l  and  t h e  s ide lobes  o f  t h e  o t h e r  i n  t u r n ,  i g n o r i n g  
t h a t  between t h e  s i d e l o b e s  o f  one and t h o s e  o f  t h e  o t h e r ,  as  t h i s  
c o n t r i b u t i o n  can  b e  shown t o  be n e g l i g i b l e .  I f  t h e  3-dB beam 
cones  i n t e r s e c t ,  t h i s  common volume s h o u l d  b e  i n c l u d e d  i n  o n l y  
one of  t h e  two i n t e g r a t i o n s ,  n o t  b o t h .  I n  one d i r e c t i o n ,  t h e  

r e l a t i v e l y  h igh -ang le  e a r t h - s t a t i o n  main l o b e  may b e  s u b d i v i d e d  
i n t o  l e n g t h s  d s ,  and t h e n  g t s ,  Z ,  and  dts  c o n s i d e r e d  as f u n c t i o n s  
o f  s .  I n  t h i s  c a s e ,  from Equa t ion  ( 2 - 5 ) .  

32 

g, 8 ( s ) z ( s )  ds  
10” X 2 d t a 2  ( s )  
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Here, s i s  t h e  d i s t a n c e  from t h e  e a r t h  s t a t i o n  t o  t h e  lowes t  
p o i n t  or" t h e  volume o f  i n t e r e s t ,  d e f i n e d  by t h e  i n t e r s e c t i o n  o f  
t h e  t a n g e n t  p l a n e  t h r o u g h  t h e  t e r r e s t r i a l  r a d i o - r e l a y  s t a t i o n .  
I n  e i t h e r  c a s e ,  t h e  h e i g h t s  of t h e  s t a t i o n s  and t h e  s u r r o u n d i n g  
t e r r a i n  may r e q u i r e  c o n s i d e r a t i o n ,  as may t h e  e f f e c t i v e  e a r t h ' s  
r a d i u s .  
as shown i n  P a r a g r a p h  5 . 2 .  
t h e  t o p  of  t h e  m e t e o r o l o g i c a l  model,  a t  a n  a l t i t u d e  o f  2 0  k i l o -  
meters ,  f o r  example.  

1 

T h e i r  e f f e c t s  a r e  c l e a r l y  most i m p o r t a n t  a t  l o n g  r a n g e s ,  
The upper  l i m i t  may b e  d e t e r m i n e d  by 

I n  t h e  o t h e r  d i r e c t i o n ,  t h e  r e l a t i v e l y  low-angle  t e r r e s t r i a l  
s t a t i o n  main l o b e  i s  d i v i d e d  i n t o  segments ,  u s i n g  t h e  a p p r o p r i a t e  
form of E q u a t i o n  (2-5) c o n s i d e r i n g  t h e  t e r r e s t r i a l  s t a t i o n  a n t e n n a  
beam as a cone ,  

s2 
A 

g e s  ( s)z( s )  ds 
1018X2d , s2  ( s )  

S1 

( 2 - 1 4 )  

Now, s1 i s  t h e  d i s t a n c e  from t h e  t e r r e s t r i a l  s t a t i o n  a l o n g  i t s  
beam t o  t h e  t a n g e n t  p l a n e  th rough  t h e  e a r t h  s t a t i o n .  
l i m i t  may b e  s e t  f o r  computa t ion  economy a t  a d i s t a n c e  beyond 
which t h e  i n t e g r a l  i s  n e g l i g i b l e .  A s  t h e  r e f l e c t i v i t y  v a r i e s  i n  
t h e  n e a r l y  v e r t i c a l  volume e l emen t ,  t h e  Z e  o f  P a r a g r a p h  2 . 2  

s h o u l d  be used  w i t h  

The uppe r  

(2-15) 

2 . 4  SIMPLIFIED A P P R O A C H  

A u s e f u l  s i m p l i f i e d  e x p r e s s i o n  for i n t e g r a t i o n  a l o n g  t h e  

e a r t h - s t a t i o n  beam may b e  d e r i v e d  from E q u a t i o n  (2-13) by u s i n g  
t h e  f a c t s  t h a t  t h e  t e r r e s t r i a l  r a d i o - r e l a y  beam e l e v a t i o n  i s  a l -  
ways v e r y  small, and t h a t  t h e  e a r t h - s t a t i o n  beam e l e v a t i o n  i s  
o f t e n  30" or more.  T y p i c a l  c o n f i g u r a t i o n s  a r e  s k e t c h e d  i n  o r t h o g -  
o n a l  p r o j e c t i o n s  i n  F i g u r e  2-1 f o r  a n  e a r t h - s t a t i o n  e l e v a t i o n  o f  
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I 
Y 
0 
0 
m 

T .S.  

T E R R E S T R I A L  
S T A T I O N  

F i g u r e  2-1.  P r e c i p i t a t i o n  S c a t t e r  I n t e r f e r e n c e  Geometry 

2- 6 



I 
I 
1 
I 
1 
I 
I 
I 
1 
I 
1 
I 
I 
D 
I 
1 
I 
8 

30" and  v a r i o u s  a z i m u t h s .  It may be s e e n  t h a t  f o r  a s e p a r a t i o n  

of 2", d t s  i s  c l o s e l y  e q u a l  t o  d .  When t h e  t e r r e s t r i a l  s t a t i o n  
main beam i s  n o t  a imed w i t h i n  a few beamwidths  of i n t e r s c z t i o n  
w i t h  t h e  e a r t h - s t a t i o n  beam, i t s  s i d e l o b e s  may be c o n s i d e r e d  t o  

have c o n s t a n t  g a i n ,  g t s ,  ove r  t h e  l i m i t e d  a n g l e  sub tended  by t h e  

e f f e c t i v e  l o w e r  p o r t i o n  o f  t h e  l a t t e r .  
i s  u s e d ,  where Ees i s  t h e  e l e v a t i o n  o f  t h e  e a r t h  s t a t i o n ;  t h e n  

3nn 1--- KIII and a t y p i c a l  t e r r e s t r i a l  r a d i o - r e l a y  s t a t i o n  beamwidth 

If now ds  = ( 1 0 0 0 / s i n  Ees )dh  

(2-16) 

where h l  and h 2  a re  t h e  h e i g h t s  o f  t h e  i n t e r s e c t i o n s  a t  s1 and s 2  

as d i s c u s s e d  i n  t h e  p r e v i o u s  p a r a g r a p h s .  

A s i m p l i f i e d  e x p r e s s i o n  f o r  i n t e g r a t i o n  a l o n g  t h e  t e r r e s t r i a l  
s t a t i o n  beam may a l s o  be d e r i v e d ,  u s i n g  E q u a t i o n  ( 2 - 1 4 ) .  It 

1 i s  a g a i n  c o n v e n i e n t  t o  assume a h i g h l y  e l e v a t e d  e a r t h - s t a t i o n  
a n t e n n a  beam, a n  e q u i v a l e n t  r e f l e c t i v i t y  f a c t o r ,  and a t e r r e s t r i a l  
s t a t i o n  a n t e n n a  beam th roughou t  which ges  i s  c o n s t a n t .  Wi th  t h e s e  
a s sumpt ions  and t h e  law o f  c o s i n e s ,  E q u a t i o n  (2-14) becomes 

(2-17) 

(2-18) 
d s  - - 

s2+d2 -2sd  cos at I 
S1 

where cx i s  t h e  a n g l e  between t h e  t e r r e s t r i a l  a n t e n n a  beam and 
t h e  d i r e c t i o n  toward  t h e  e a r t h  s t a t i o n .  I n t e g r a t i n g  

t s  

532 

- c o t  a, ) ] (2-19) S 

( d  sin a t r  tan -l 
S1 

z, g, 
(P, /Pt ) = 

t 8  101*X2d sin a,, 
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2 . 5  ROUGH APPROXIMATIONS 

A s  t h e  c h i e f  i n t e r e s t  i n  p r e c i p i t a t i o n  s c a t t e r  i s  i n  i t s  
a v o i d a n c e ,  it i s  n o t  so impor t an t  t o  p r o v i d e  e x a c t  measu res  o f  i t s  

amount as u s e f u l  guides r e g a r d i n g  u n d e s i r a b l e  c o n f i g u r a t i o n s .  
i s  c l e a r l y  d i f f i c u l t  t o  do a c c u r a t e l y ,  b u t  rough c r i t e r i a  a r e  
v a l u a b l e  i f  t h e y  a r e  e a s y  t o  a p p l y  and a r e  n o t  t o o  r e s t r i c t i v e .  

T h i s  

From E q u a t i o n  (2-131, w i th  t h e  a s s u m p t i o n s  i n  E q u a t i o n  ( 2 - 1 6 )  
and t h e  u s e  o f  a n  e f f e c t i v e  r e f l e c t i v i t y  f a c t o r ,  

(P, /Pt ) e s  = & Ze S / ~ O ~ ~  1" d2 t s  (2-20)  

F i g u r e  2-2,  t a k e n  from C u r t i s  ( R e f e r e n c e  5 ) , shows  t h a t  t h e  approx-  
i m a t i o n  

= 0.31/a2,, (a i n  r a d i a n s )  gt 8 

= 1000/a2,, (a i n  d e g r e e s )  ( 2 - 2 1 )  

f i t s  t h e  p a r a b o l o i d  and l e n s  a n t e n n a  p a t t e r n s  f a i r l y  w e l l  between 
4"  and  60°  and i s  h igher  t h a n  t h a t  o f  t h e  ho rn  a n t e n n a .  

Now i n  t h i s  c a s e  a t s  i s  t h e  a n g l e  toward a n  e lement  o f  t h e  

T h i s  i s  a minimum i n  t h e  r e g i o n  o f  c l o s e s t  
Thus Z e  s h o u l d  b e  found i n  t h i s  r e g i o n ,  

e a r t h - s t a t i o n  beam. 
a p p r o a c h  o f  t h e  beams .  

i s  t h e  d i s t a n c e  between beams, y ,  ar_d " ts  t s  
( 2 - 2 2 )  

i s  30" or l e s s ,  and a d i s  a g a i n  r e c o g n i z e d  as y t h e n  
If " t s  t s  

E q u a t i o n  (2-19)  becomes 

If t h e  g a i n  everywhere a l o n g  t h e  t e r r e s t r i a l  a n t e n n a  beam i s  con- 

s t a n t ,  f o r  example, 0 . 1 ,  and i f  d > >  y ,  t h e n  e f f e c t i v e l y  s1 = 0 ,  
s 2  - - 00 and 
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(pJpt j = 3.1 x 1 0 - ~ ~ z , / x ~ y  
t s  

(2-24) 

If des i r ab le ,  a more a p p r o p r i a t e ,  h ighe r  g a i n  c a n  b e  used  ove r  the 
l i m i t e d  p o r t i o n  of  t h e  t e r r e s t r i a l  a n t e n n a  beam p a s s i n g  n e a r e s t  
t h e  e a r t h  s t a t i o n ,  u s i n g  estimated v a l u e s  of  s1 and s2 
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SECTION 7 

METEOROLOGY 

3 . 1  HOMOGENEOUS MODEL 

A s  radar b a c k - s c a t t e r  d a t a  w i l l  b e  used  as a measure  o f  s i d e  

or o f f - p a t h  s c a t t e r ,  it i s  i m p o r t a n t  t o  know t h e  r e l a t i o n s h i p  
between them.  Because t h i s  i s  a d i f f i c u l t  mat ter ,  i t  w i l l  be  

c o n c i s e l y  summarized a l t h o u g h  t h e  mater ia l  i s  r e a d i l y  a v a i l a b l e  

elsewhere ( s e e  Refe rence  6 ) .  When t h e  r a d i u s  o f  a s c a t t e r i n g  pa r -  
t i c l e ,  a ,  i s  small w i t h  r e s p e c t  t o  t h e  wave leng th ,  t h a t  i s ,  

x = 2?ra/X <<1, t h e n  t h e  r a t i o  o f  t h e  b a c k - s c a t t e r i n g  c r o s s  s e c t i o n  
o t o  t h e  g e o m e t r i c a l  c r o s s  s e c t i o n  i s  

2 
where I K I  

The  e q u a t i o n  does  n o t  h o l d  beyond x = 0 .3 ,  b u t  a t  X = 5 cm t h i s  

c o r r e s p o n d s  t o  a r a i n d r o p  d i a m e t e r  o f  4 . 8  mm, a s i z e  r a r e l y  
exceeded .  It i s  t h e  r a d i a t i o n  p a t t e r n ,  however,  which i s  o f  
most i n t e r e s t ,  and up t o  about  x = 0 . 5  t h i s  i s  l i k e  t h a t  o f  a 
d i p o l e ,  w i t h  n u l l s  i n  t h e  d i r e c t i o n  of  t h e  e l e c t r i c  v e c t o r  and  
o m n i d i r e c t i o n a l  p e r p e n d i c u l a r  t h e r e t o ,  w i t h  a g a i n  o f  3/2. 
r a i n  i s  q u a s i - i s o t r o p i c  i n  t h e  h o r i z o n t a l  p l a n e  i f  t h e  r a d i a t o r  
i s  v e r t i c a l l y  p o l a r i z e d .  

i s  a p p r o x i m a t e l y  0 . 9 3  f o r  water and  0.20 f o r  i c e .  

Thus,  

The  l a r g e  i c e  p a r t i c l e s  found h i g h  i n  most t h u n d e r s t o r m s ,  
on t h e  o t h e r  hand,  e x h i b i t  very complex b e h a v i o r .  Dry i c e  s p h e r e s  
s c a t t e r  more s t r o n g l y  t h a n  wa te r  f o r  x > 2 ,  b u t  t h i s  may b e  

r educed  by a w e t  o r  spongy s u r f a c e  or a spongy i n t e r i o r .  The 
r a d i a t i o n  p a t t e r n s  may b e  a c c e n t u a t e d  by d e p a r t u r e s  from s p h e r i -  

c i t y  or smoothed by t h e  p r e s e n c e  of a r a n g e  of  s i z e s ,  bu t  b o t h  



t h e o r y  and expe r imen t  i n d i c a t e  a q u a s i - i s o t r o p i c  p a t t e r n  i n d e -  
pPr?c?e>t of polaY'iZatiOfi, sti-oiigest i n  t h e  forward  d i r e c t i o n ,  w i t h  

b a c k - s c a t t e r  r o u g h l y  about  5 dB below t h e  a v e r a g e  s i d e  s c a t t e r  
( R e f e r e n c e  3 ) .  Al though t h i s  i m p l i e s  t h a t  5 d B  s h o u l d  be  added t o  
t h e  i n t e r f e r e n c e  v a l u e s  computed i n  t h e  f o l l o w i n g ,  t h e  c o r r e c t i o n  
w i l l  n o t  be  made as i t  a p p l i e s  o n l y  t o  t h e  l a r g e  p a r t i c l e s  found 
i n  t h u n d e r s t o r m s ,  n o t  t o  o t h e r  forms  of  p r e c i p i t a t i o n ,  and it i s  
o f f s e t  p a r t i a l l y  by a n e g a t i v e  1 . 4 - d B  c o r r e c t i o n  d i s c u s s e d  by 
Ppober t - Jones  ( R e f e r e n c e  4). 

I n  measur ing  Z a t  h i g h l y - a t t e n u a t e d  f r e q u e n c i e s  such  a s  
X-band, a c o r r e c t i o n  must be made f o r  p r e c i p i t a t i o n  n o t  s e e n  
due to i n t e r v e n i n g  p r e c i p i t a t i o n .  Af t e r  a model i s  con- 
s t r u c t e d  u s i n g  c o r r e c t e d  da ta ,  i t  must b e  used  w i t h  t h e  same 
phenomenon i n  mind. A t  t h e  h i g h e s t  r e f l e c t i v i t i e s ,  t h e  common 
volume may b e  r educed  by a t t e n u a t i o n  i n  t h e  n e a r e s t  p o r t i o n ,  a n  
e f f e c t  which i s  n o t  n o r m a l l y  i m p o r t a n t  i n  t h e  4- and 6-GHz bands 
o f  most i n t e r e s t  here .  

3 . 2  STRATIFORM MODEL 

The m e t e o r o l o g i s t  r e c o g n i z e s  two main t y p e s  o f  p r e c i p i t a t i o n .  
The  s i m p l e s t  i s  c a l l e d  c o n t i n u o u s  - e i t h e r  r a i n  or snow from a 
s t r a t i f o r m  c l o u d  s t r u c t u r e  which i s  un i fo rm o v e r  a l a r g e  area 
and r e l a t i v e l y  l i m i t e d  i n  h e i g h t .  Atlas ( R e f e r e n c e  7 )  g i v e s  
model p r o f i l e s  f o r  s t r a t i f o r m  summertime r a i n  which may b e  

approx ima ted  as i n  F i g u r e  3-1: 

h = 6.8 l o g  ( Z o / Z )  

h = 1.4 l o g  ( Z , / Z )  + 3.5 
o r  by logZ = l o g  Zo - 0.05 h" 
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where Zo = r e f l e c t i v i t y  f a c t o r  a t  t he  sv-rface, usually c o n s i d e r e d  

r e l a t e d  bo t h e  r a i n f a l l  r a t e  R i n  m/hr by 

z = 2 0 0 ~ ~ ~ 1 d / m ~  (3-3) 

For Washington,  D . C . ,  Bussey ( R e f e r e n c e  8 )  shows abou t  one hour  
a year a t  a r a t e  of 25 m m / h r  or more (Z, = 3.4 x 10 f o r  0 . 1 4  

p e r c e n t  o f  a mon th ) ,  and for t h e  U.S. abou t  f i v e  m i n u t e s  once i n  
two y e a r s  a t  a r a t e  o f  150 mrn/hr (Z, = 6 x l o 5  f o r  0 . 0 1  p e r c e n t  
o f  a mon th ) .  Rain  f e l l  a t  t h e  l a t t e r  r a t e  i n  Washington,  D . C . ,  

i n  1963 a l t h o u g h  it i s  more l i k e l y  t o  o c c u r  a l o n g  t h e  e a s t e r n  
Gul f  C o a s t .  A s  an  i n d i c a t i o n  o f  p o s s i b l e  r a i n f a l l ,  F i g u r e  5-5 
o f  R e f e r e n c e  7 shows 1 2  i n c h e s  of  r a i n  i n  40  m i n u t e s  at  H o l t ,  
M i s s o u r i ,  on J u n e  2 2 ,  1947, c o r r e s p o n d i n g  t o  a r a t e  of 450 mm/hr 

for abou t  0 . 1  p e r c e n t  of a month. I n  t h i s  p a p e r  t h e  e f f e c t  o f  
t h e  " b r i g h t  band" i s  i g n o r e d .  T h i s  i s  a n  enhanced r e t u r n  from 
wet snow n e a r  t h e  O°C i s o t h e r m ,  o f t e n  a t  abou t  2- t o  3-km 
a l t i t u d e  i n  t h e  summer i n  Mont rea l .  

4 

3 . 3  THUNDERSTORM MODEL 

The more complex t y p e  o f  p r e c i p i t a t i o n  i s  c a l l e d  showery o r  
c o n v e c t i v e .  It i s  no t  uniform i n  t i m e  or s p a c e  l i k e  t h e  c o n t i n -  
uous mode1 , r ap id ly  v a r y i n g  over  small areas due t o  i t s  t u r b u l e n t  
o r i g i n .  I f  t h e  development r e a c h e s  e i g h t  or n i n e  k i l o m e t e r s  i n  
h e i g h t  i t  norma l ly  becomes a t h u n d e r s t o r m ,  w i t h  s t r o n g  u p d r a f t s  
r e p e a t e d l y  c a r r y i n g  p r e c i p i t a t i o n  t o  g r e a t  h e i g h t s ,  u s u a l l y  be -  

coming h a i l  b e c a u s e  of t h e  c o l d .  Thus t h e  l a r g e s t  p a r t i c l e s  
o c c u r  a t  t h e  g r e a t e s t  h e i g h t s ,  w i t h i n  f r e e - s p a c e  r a n g e s  o f  many 
hundreds  o f  mi l e s  from ea r th  and t e r r e s t r i a l  s t a t i o n s .  Because 
t h u n d e r s t o r m s  a r e  s o  i m p o r t a n t  t h e y  w i l l  be c h a r a c t e r i z e d  i n  
s e v e r a l  w a y s :  c e l l  d e s c r i p t i o n s ,  c e l l  r e f l e c t i v i t y  p r o f i l e s ,  and 
o v e r a l l  r e f l e c t i v i t y  p r o f i l e s .  

The c l a s s i c  s t u d y  (Refe rence  9 )  o f  199 Ohio t h u n d e r s t o r m s  
d u r i n g  1 9 4 9  i n d i c a t e s  t h e  f o l l o w i n g  r e g a r d i n g  t h e  component c e l l s :  

3-4 



I 
I 
I 
I 
I 
E 
E 
I 
E 
E 
IE 
I 
I 
I 
I 
8 
1 
1 

a .  

b .  Over 63 p e r c e n t  ex tended  above 1 3  km. 

The c e l l  diameter i s  rough ly  e q u a l  t o  i t s  h e i g h t .  

c .  The p e r c e n t a g e  coverage  a t  1 0  km i s  abou t  3 p e r c e n t  on 

t h e  a v e r a g e  and 11 p e r c e n t  maximum. 

d .  The mean d u r a t i o n  i s  a p p r o x i m a t e l y  25 m i n u t e s .  

Donaldson ( R e f e r e n c e l o )  has p u b l i s h e d  r e f l e c t i v i t y  p r o f i l e s  repre-  

s e n t i n g  4 2  s e v e r e  s t o r m s ,  observed  d u r i n g  two y e a r s  f rom a CPS-9 
radar  i n  t h e  Boston area.  From t h e s e ,  abou t  f o u r  s t o r m s  a y e a r  
may be  c h a r a c t e r i z e d  as hav ing  a maximum Z a t  9 km and a c o r e  
Z o f  l o 6  a t  6 km, l e a d i n g  t o  a rough e s t i m a t e  of  maximum l i k e l y  

l a t e r  s t o r m  models .  
t h u n d e r s t o r m  c o r e s  g e n e r a l l y  have Z p r o f i l e s  t h a t  do no t  f a l l  o f f  
r a p i d l y  w i t h  h e i g h t .  
i n e f f e c t i v e  wherever  t hunde r s to rms  a r e  common. 
c o n s i s t s  o f  a g roup  of  c e l l s  each l e s s  t h a n  1 6  km i n  diameter and 
o f  v a r y i n g  h e i g h t ,  it i s  d i f f i c u l t  t o  es t imate  t o t a l  r e f l e c t i v i t y  
d i s t r i b u t i o n s  i n  t i m e  and space .  

jZ(h)dh of  abou t  l o 6  x 1 0  = 1 0  7 , c o n s i s t e n t  w i t h  Dona ldson ' s  

A s  shown i n  F i g u r e  3-2 f rom Donaldson, 

It i s  t h i s  which r e n d e r s  s i t e  s h i e l d i n g  
A s  a s torm norma l ly  

3 .4  COMPOSITE MODEL 

T h e  model t h a t  has been adopted  f o r  most of  t h e s e  s t u d i e s  
i s  a compos i t e  one i n c l u d i n g  a l l  t h e  p r e c i p i t a t i o n  f o r  s e v e r a l  
months,  sampled r e g u l a r l y  i n  t i m e  and s p a c e  by a s p e c i a l l y -  
equipped  weather radar  ( R e f e r e n c e  11). It u s e s  t h e  c o n s t a n t -  
a l t i t u d e  P P I  ( C A P P I )  p r i n c i p l e ,  i l l u s t r a t e d  i n  F i g u r e  3-3, 
s u c c e s s i v e l y  sweeping t h e  sky  a t  i n c r e a s i n g  e l e v a t i o n s ,  g a t i n g  t h e  

v i d e o  s i g n a l  s o  t h a t  t h e  d i s p l a y  t u b e  maps t h e  r e f l e c t i v i t y  a t  
s e v e r a l  h e i g h t s  i n  s u c c e s s i o n .  
r e g u l a r  i n t e r v a l s ,  s c a n n i n g  t h e  p h o t o s  and u s i n g  t h e  r e s u l t i n g  
s i g n a l s  to t r i g g e r  a s e r i e s  of t ime-measur ing  c i r c u i t s  w i t h  

a p p r o p r i a t e  t h r e s h o l d s ,  p r o f i l e s  a re  o b t a i n e d  which show v e r s u s  
h e i g h t ,  t h e  p e r c e n t a g e  of a r e a  on a g i v e n  p i c t u r e  above e a c h  

B y  p h o t o g r a p h i n g  t h e  d i s p l a y  a t  
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t h r e s h o l d .  These  p r o f i l e s  m a y  be  summed from May t h r o u g h  September  
as  i n  F i g u r e  3-4 from M a r s h a l l  e t  a1 ( R e f e r e n c e  1 2 )  t o  g i v e  a 
compos i t e  r e p r e s e n t i n g  an  e n t i r e  summer. The t h r e s h o l d s ,  c o r r e c t e d  

Thresh -  
f n v  ~ t t n n ~ l o t i n n  at )(-band z a m e :  

Y -A I V I  U " " I 1 L L . % U " ~ V I I  

(1) (2 ) ( 3 )  (4) (5) (6 ) (7) old 
Z 5x10' 4 6 ~ 1 0 ~  4.2~10" 3. 8x103 3. 5x104 3. 2x105 2. 9x106 

2 The a b s c i s s a s  a r e  i n  terms o f  n a u t i c a l  m i l e s  - hour s ,  where t h e  
7 2 inaximum i s  7 . 2  x 1 0  , t h e  product  o f  t h e  2 0 , 0 0 0 - n a u t i c a l  m i l e  

a r e a  on each  p i c t u r e  and t h e  3600 h o u r s  i n  f i v e  months.  I f  t h e n  
i t  i s  assumed t h a t  t h e  r e g i o n  obse rved  i s  un i fo rm i n  r e g a r d  t o  
p r e c i p i t a t i o n  d i s t r i b u t i o n ,  a r e f l e c t i v i t y  p r o f i l e  r e p r e s e n t i n g  
0 . 0 1  p e r c e n t  o f  t h e  t i m e  can  be found by making a v e r t i c a l  s e c t i o n  
a t  7 . 2  x 1 0  n a u t i c a l  m i l e s 2  hour s .  
been p l o t t e d  on F i g u r e  3-5 and t h e n  f i t t e d  w i t h  b i l i n e a r  e q u i -  
v a l e n t s  f o r  ease i n  u s e  w i t h  a computer .  The e x p r e s s i o n s  f o r  
0 . 0 1  p e r c e n t  o f  t h e  f i v e  months a r e  

3 I n  t h i s  way p o i n t s  have 

A s  i n t e r f e r e n c e  c r i t e r i a  a re  expres sed  i n  t e r m s  o f  p e r c e n t a g e  of  
any month, t h e  o r i g i n a l  data were i n s p e c t e d  and t h i s  p r o f i l e  
found t o  a p p l y  f o r  0 . 0 2  p e r c e n t  o f  t h e  w o r s t  month.  

The u s e  of  da t a  i n  t h e  f o r m  d e s c r i b e d  i n v o l v e s  a n  a s sumpt ion  
t h a t  t h e  r e f l e c t i v i t y  of  i n t e r e s t  does  n o t  v a r y  g r e a t l y  i n  t h e  
h o r i z o n t a l  d i r e c t i o n  w i t h i n  t h e  volume e l e m e n t .  An i n s p e c t i o n  
o f  d e t a i l e d  r e f l e c t i v i t y  d i s t r i b u t i o n s  i n  s to rm c e l l s  i n d i c a t e s  
t h a t  t h i s  a s sumpt ion  i s  n o t  l i k e l y  t o  b e  c l o s e l y  t r u e  f o r  t h e  
h i g h e s t  r e f l e c t i v i t i e s  and t h e  l a r g e s t  volumes.  However, f rom 
F i g u r e  3-4,  t h e  p r o f i l e  f o r  0 . 0 1  p e r c e n t  o f  t h e  t o t a l  does  n o t  
i n v o l v e  r e f l e c t i v i t i e s  above 3 .5  x 1 0  , w i t h  t h e  lower-va lued ,  
more un i fo rm,  d i s t r i b u t i o n s  a t  t h e  g r e a t e r  h e i g h t s .  Thus i t  i s  

s e e n  even  a t  l o n g  r a n g e s ,  w i t h  l a r g e ,  h i g h  common volumes,  t h a t  
a p p r e c i a b l e  e r r o r s  a re  u n l i k e l y ,  and t h a t  f o r  s h o r t e r  r a n g e s ,  o r  

4 
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fc i i?  r e l a t i v e l y  un i fo rm c o n t i n u o x s  p r e c i p i t a t i o n ,  t h e  e f f e c t s  

a r e  v e r y  small .  

3 . 5  WORST CASE ESTIMATES 

The p r e c e d i n g  p a r a g r a p h s  have p r e s e n t e d  f a i r l y  p r e c i s e  com- 
p o s i t e  r e f l e c t i v i t y  p r o f i l e s  for t h e  summer of  1963 a t  M o n t r e a l ,  
a p p r o x i m a t e  p r o f i l e s  f o r  c o n t i n u o u s  p r e c i p i t a t i o n  and es t imates  
of w o r s t  l i k e l y  p r o f i l e s  f o r  t h u n d e r s t o r m s .  The  l a t t e r  come 
c l o s e s t  t o  t h e  i n t e r e s t  of t h e  d e s i g n  e n g i n e e r ,  
b e  s u p p o r t e d  i n  t h e  o n l y  way a v a i l a b l e ,  i . e . ,  by d e m o n s t r a t i n g  
t h a t  t h e  w o r l d ' s  weather can  be much more s e v e r e  t h a n  was found 
a t  M o n t r e a l  i n  1963.  Beyond t h i s ,  t h e r e  can  o n l y  b e  a p l ea  f o r  
more data  of t h e  same t y p e ,  t a k e n  i n  more r e p r e s e n t a t i v e  as w e l l  

as ex t r eme  c l i m a t e s .  

S O  t h e i r  u s e  w i l l  

A g e n e r a l  i n d i c a t i o n  of t h e  o c c u r r e n c e  of  t h u n d e r s t o r m s  i s  

g i v e n  i n  F i g u r e  3-6 and 3-7, and s e v e r a l  i n d i c e s  of  s e v e r e  weather 
a r e  c o l l e c t e d  i n  T a b l e  3-1 f o r  M o n t r e a l  i n  1963 and f o r  
p l a c e s  o f  i n t e r e s t ,  t h r o u g h  t h e  y e a r s .  
ex t r eme  c l i m a t e  f o r  t h e  Uni ted  S t a t e s ,  b u t  c e r t a i n l y  n o t  i n  view 
of  areas which may be  of  impor tance  t o  f u t u r e  s a t e l l i t e  communi- 
c a t i o n s .  I n  t h e  t a b l e ,  t h e  q u o t i e n t  i n  t h e  t h i r d  l i n e  i s  i n c l u d e d  
as b e i n g  a commonly-used i n d i c a t o r  of  maximum r a t e s  of  p r e c i -  
p i t a t i o n ,  and a rough c o r r e l a t i o n  i s  i n d e e d  n o t e d  w i t h  t h e  f o l l o w i n g  
t h r e e  l i n e s ,  a l t h o u g h  t h e r e  i s  a l r e a d y  f o r  N i g e r i a  a n  i n d i c a t i o n  
o f  t h e  q u e s t i o n s  y e t  t o  b e  a t t a c k e d  r e g a r d i n g  c o r r e l a t i o n  of 
r e f l e c t i v i t y  p r o f i l e s  and o t h e r  f a c t o r s .  
one on which a n  o b s e r v e r  h a s  r e p o r t e d  a t h u n d e r s t o r m  w i t h i n  
s i g h t  of  h i s  s t a t i o n .  It i s  known t h a t  t h u n d e r s t o r m  h e i g h t  

i n c r e a s e s  w i t h  l a t i t u d e ,  bu t  t h e  q u e s t i o n  for . fZ(h)dh  has n o t  been  
s t u d i e d .  

s e v e r a l  
M i a m i  has n e a r l y  a n  

A t h u n d e r s t o r m  day i s  

It i s  v e r y  d i f f i c u l t  t o  e v a l u a t e  T a b l e  3-1 q u a n t i t a t i v e l y .  
Q u i t e  a r b i t r a r i l y  one may n o t e  t h a t  s e v e r a l  o f  t h e  i n d i c e s  a r e  

1 0  t i m e s  t h o s e  f o r  Mont rea l  and t h e r e f o r e  e x p e c t  o n l y  1 0  d B  
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TABLE 3-1. SEVERE WEATHER INDICES 

Washington,  

PPN i n  i n c h e s "  

M i a m i ,  

Avg. Annual 
D a y s  w i t h  0 . 0 1 "  

Q u o t i e n t  
J u l y  T o t a l  
24-hour maximum 
1-hour  maximum 

Thunders torm Days** 
Annual 
Worst Month 

Echo P r o b a b i l i t y t  
35-40,OOO f t  
55-60,OOO f t  

Mc 
i963 

2.5 

1 . 7  
1.6 

21 
6 

8% 

i t r e a l  
Long T e r m  

41 

157 
.26 

3.7 
4.1 
1.6 

20 

5 

8 
0.1% 

------I--- 
42 
124 

34 
4.4 
7.3 
1.9 

37 
9 

8 
0.1 

60 
135 

.44 
6.1 

4.5 
15.1 

58 
11 

48 
1.0 

M a m f  e , 
N i g e r i a  

134 
192 

7 0  

25 
6.6 

201 
30 

*From T a b l e s  o f  Tempera tu re ,  R e l a t i v e  Humidity and P r e c i p i t a t i o n  
f o r  t h e  World, P a r t  I ,  M.0.617a, M e t e o r o l o g i c a l  O f f i c e ,  e x c e p t  
f o r  M o n t r e a l  1963 f rom o f f i c i a l  monthly r e p o r t s  and 1-hour maxi- 
mum from USWB. 

**For U.S. f rom Refe rence  8 ,  f o r  N i g e r i a  from World D i s t r i b u t i o n  of  , 
Thunders torm Days, WMO/OMM-No.21.TP. 21, f o r  Mont rea l  from o f f i c i a l  i 
monthly r e p o r t s .  I 

D i s t r i b u t i o n s  of  Radar Echoes,  by D .  D .  Grantham and A .  J .  Kantor ,  
12th Conference  on Radar Meteoro logy ,  Norman, O k l a . ,  Oc tobe r  1966, 
y p .  500-505, e x c e p t  f o r  Mont rea l  1 9 6 3  from McGil l  U n i v e r s i t y .  

I 

t W i t h i n  1 0 0  mi les  of s t a t i o n  i n  J u l y  from H o r i z o n t a l  and V e r t i c a l  
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more i n t e r f e r e n c e  a t  t h e  wors t  p o s s i b l e  t i m e  and p l a c e .  There 
a r e ,  however,  two r e a s o n s  f o r  r e j e c t i n g  t h i s  s i m p l e  approach .  
F i r s t ,  none of t h e  i n d i c a t o r s  i s  d i r e c t l y  r e l a t e d  t o  i n t e r f e r e n c e .  

and s t r o n g e r  s t o r m s  ( t r u e  f o r  Colorado  S p r i n g s ) ,  w i t h  i n t e r f e r e n c e  
i n c r e a s i n g  as t h e  s q u a r e  o r  c u b e  o f  t h e  r a t i o  unde r  s t u d y .  
Second,  t h e  problem c o n c e r n s  t h e  r e t u r n  r a t e  of  i n f r e q u e n t  b u t  

Fsr  exanple, m O r e  t h u n d e r s t  Gym dq7s C G l l l r j  i m = l y  l2rger, higher 

s u b s t a n t i a l  e v e n t s .  T h a t  i s ,  i n  much of  t h e  wor ld ,  i f  a s e v e r e  
t h u n d e r s t o r m  does  produce  i n t e r f e r e n c e  i n  t h e  beam o f  a n  e a r t h  
s t a t i o n ,  it w i l l  be  s t r o n g  and p r o b a b l y  c o n s i d e r a b l y  l o n g e r  t h a n  
t h e  f o u r  m i n u t e s  r e p r e s e n t i n g  0 . 0 1  p e r c e n t  of a month. T h e r e f o r e ,  
t h e  es t imated p r o f i l e s  may be  used  t o  i n d i c a t e  what a lmos t  
c e r t a i n l y  w i l l  happen i n  some y e a r ,  b u t  w i t h  an  i n d e f i n i t e n e s s  
a s  to p r o b a b i l i t y  of  o c c u r r e n c e  i n  a g i v e n  y e a r  which s h o u l d  be  

r e c t i f i e d  by a d d i t i o n a l  d a t a  a s  soon as  p o s s i b l e .  
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SECTION 4 

APPROXIMATE METHOD 

4 . 1  CONCEPT 

A s  t h e  b a s i c  tools f o r  s o l v i n g  t h e  problem have been de- 

v e l o p e d  e a r l i e r ,  i t  i s  now a p p r o p r i a t e  to c o n s i d e r  t h e  p r e s e n t a -  
t i o n  of  s o l u t i o n s .  T h i s  i n  i t s e l f  i s  no small problem due to 
t h e  l a r g e  number o f  pa rame te r s  i n v o l v e d .  E x p l i c i t l y ,  t h e y  a re  
A ,  k ,  Z ( h )  and d i n  common, and b e s ,  b t s ,  A e s ,  A t s ,  Ees ,  and 

k ,  Z ( h ) ,  b e s ,  and b t s  c o n s t a n t  as t h e y  a r e  i n  a s e n s e  non- 
g e o m e t r i c a l ,  and changes  i n  X and b e s ,  a t  l e a s t ,  a r e  e a s i l y  
accommodated. F u r t h e r ,  a s  has  been n o t e d ,  Ets  i s  r a r e l y  o v e r  3", 
and Ees  i s  o f t e n  about  3 0 ° ,  s o  t h a t  v a l u e s  of  1" and 30", r e s p e c -  
t i v e l y ,  a re  r e p r e s e n t a t i v e .  
s i d e r .  I n  t h e  c a s e  o f  i n t e r s e c t i n g  beams, f i x i n g  any two of  these  
d e t e r m i n e s  t h e  o t h e r  one s o  t ha t  t r a n s m i s s i o n  l o s s e s  may b e  p l o t t e d  
on t h e  two-dimens iona l  e a r t h ' s  s u r f a c e .  F o r  n o n - i n t e r s e c t i n g  
beams, however,  t h e  f a c t o r s  a r e  n o t  c o n v e n i e n t l y  i n t e r d e p e n d e n t  
s o  t h a t  f u l l  p r e s e n t a t i o n  becomes a f o r m i d a b l e  t a s k ,  and t h e  

a l t e r n a t i v e  o f  a manual c a l c u l a t i o n  i s  i m p r a c t i c a l .  T h e r e f o r e ,  
t h e  s i m p l i f i e d  approach  of  Pa rag raph  2 . 4  i s  used .  

f o r  t h e  two s t a t i o n s .  Now, i t  seems r e a s o n a b l e  to s e t  A ,  Et s 

T h i s  l e a v e s  d ,  A e s  and  A t s  t o  con- 

S p e c i f i c a l l y ,  i f  t h e  s i d e l o b e  p a t t e r n  of  t h e  t e r r e s t r i a l  
r a d i o - r e l a y  s t a t i o n  a n t e n n a  beam i s  to b e  c o n s i d e r e d ,  and i t  i s  
o f  t h e  e s s e n c e  when t h e  beams are  n o t  i n t e r s e c t i n g ,  t h e  e f f e c t s  
of some o t h e r  v a r i a b l e s ,  such  as t h e  r a d i o - r e l a y  s t a t i o n  beam 
e l e v a t i o n ,  E t s ,  and  t h e  az imuth  of t h e  e a r t h - s t a t i o n  beam, A,,, 

must b e  d i s r e g a r d e d  i n  a u s a b l e  p r e s e n t a t i o n .  A s  i t  i s  c l e a r l y  
n e c e s s a r y  t o  have some measure o f  t h e  e r r o r s  i n t r o d u c e d  b y  such  
a p p r o x i m a t i o n s ,  i t  w i l l  now b e  shown t h a t  i n  most c a s e s  of i n t e r e s t  
t h e  s i m p l e  approach  i s  u s a b l y  a c c u r a t e  o v e r  a wide r ange  o f  t h e  

s u p p r e s s e d  v a r i a b l e s .  A program based on t h e  p r e c i s e  E q u a t i o n s  
(2-13) and ( 2 - 1 4 )  has been used  to check t h e  e f f e c t s  o f  i g n o r i n g  
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and E t s  i n  E q u a t i o n s  (2-15)  and (2-19)  as d and A t s  a re  Aes 
d e c r e a s e d .  
depends  t o  a good approx ima t ion  o n l y  on A 

E a r e  o u t s i d e  t h e  i n t e g r a l  i n  E q u a t i o n  (2 -16)  and can  t h e n  be 
s imply  i n c l u d e d  i n  t h e  computa t ion .  

The g a i n  g t s ,  which away from t h e  g r e a t - c i r c l e  p l a n e  
and t h e  e l e v a t i o n  t s J  

e s  

4 . 2  TESTS 

The checks  were performed w i t h  A = 7 .5  cm, k = 4/3,  an 
e a r t h - s t a t i o n  a n t e n n a  w i t h  a d i a m e t e r  o f  26 m ( 8 5  f t )  and CCIR 
s i d e l o b e  e n v e l o p e ,  and t h e  TD-2 d e l a y - l e n s  a n t e n n a  p a t t e r n  o f  
F i g u r e  2-2.  

and A t s  = 20"  o f f  t h e  l i n e  between s t a t i o n s .  
e l e v a t i o n  o f  g o " ,  t h e  f o l l o w i n g  v a l u e s  were found f o r  pr /pt  i n  
d e c i b e l s :  

The f i r s t  t e s t  assumed D = 1 0  or 1 0 0  k m ,  E t s  = lo, 
F o r  an e a r t h - s t a t i o n  

APPROXIMATE EXACT 

1 0  - 1 4 9  -146 -145 -152.3 - 1 4 9 . 3  -147.6 
100 -170 -160  -160 -173 .1  -163.2 - 1 6 2 . 8  

It can  b e  s e e n  t h a t  ( P r - P t )  

i n  s p i t e  o f  t h e  d r a s t i c  assumpt ions  u s e d  i n  E q u a t i o n  ( 2 - 1 9 )  and 
u s e  o f  t h e  Z v a l u e  a t  t h e  h e i g h t  o f  p o t e n t i a l  i n t e r s e c t i o n  o f  t h e  

two beams, t h e  r e s u l t s  are a c c u r a t e  w i t h i n  3 d B .  T a b l e  4-la 
i n d i c a t e s  t h e  e r r o r s  r e s u l t i n g  from u s e  o f  d i f f e r e n t  v a l u e s  o f  
Aes  and  E e s y  where low v a l u e s  o f  t h e  l a t t e r  t e n d  toward  beam 

i n t e r s e c t i o n s  as i n d i c a t e d  by  t h e  l a r g e  e r r o r s  a t  Ees = 5" and 

Ae s 
t h a t  t h e y  r e p r e s e n t  approximate  v a l u e s  minus t r u e  v a l u e s .  It  
s h o u l d  b e  n o t e d  t h a t  these  errors are  r e s i d u a l s ,  t h a t  i s ,  v a l u e s  
of pr /pt  from Equa t ion  ( 2 - 1 6 )  have been  m u l t i p l i e d  by s i n  Ees and 
d i v i d e d  b y  g t s  b e f o r e  comparison w i t h  t h e  e x a c t  v a l u e s  shown above.  
The t ab l e  shows t h a t  accu racy  i s  n o t  s i g n i f i c a n t l y  i m p a i r e d  w i t h  

If Ees = 90°,and A t s  and E t s  a r e  v a r i e d ,  T a b l e  Ee s 

i s  t h e  c o n t r o l l i n g  f a c t o r  and t h a t  
t s  

= 60" and 90". A s  t h e  e r r o r s  h e r e  a r e  n e g a t i v e ,  i t  i s  s e e n  

down t o  30" .  
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4-1s i s  found from comparison of t h e  e x a c t  v a l u e s  w i t h  t h o s e  
computed from E q u a t i o n  (2-19) as t h e s e  a r e  found t o  be c o n t r o l l i n g .  
Here i t  can b e  s e e n  t h a t  f o r  any E 

lo, u s e f u l  a c c u r a c y  i s  a g a i n   reserved. 
and A t s  g r e a t e r  t h a n  abou t  t s  

I n  view of  t h e  customary u s e  o f  s i m p l i f i e d  a n t e n n a  p a t t e r n s  
and  r e f l e c t i v i t y  models ,  i t  may b e  c o n s i d e r e d  t h a t  t h e  approximate  
method i s  abou t  as good as t h e  i n p u t  da ta  t h r o u g h o u t  t h e  r a n g e  
of  m a j o r  i n t e r e s t ,  Ees - ' 30" ,  A t s  - > 5" .  

4-3 



TABLE 4-1. ERRORS FROM GEOMETRICAL EFFECTS, I N  DECIBELS 

(a) 

R e l .  A,, O0 30' 60' 90' 180' 270' 

- d E,, 
ioolan 60' 

30' 
20° 

l o o  
5' 

l O k m  60' 
30' 
20° 

l o o  
5 O  

+0.6 
+1.2 
+o.g 
+0.4 
+0.4 
+0.1 
+0.8 
-0.3 
-1.3 
-2.3 

+0.5 +0.5 +c;. 5 
-0.2 -0.2 +0.1 
-1.5 -1.5 -1.1 
-4.1 -4.8 -4.9 
-7.8 -14.3 -15.2 

0 0 -0.1 
-1.0 -1.1 -0.9 
-1.9 -1.9 -1.7 
-3.2 -4.1 -4.8 
-6.0 -12.5 -13.3 

+0.6 
+2.7 
+3.1 
+6.4 
+8.7 
+0.6 
+2.4 
+3.5 
+5.6 
+8.0 

+0.6 
+2.6 
+4.1 
+6.2 
+8.4 

+0.6 
+2.5 
+3.9 
+6.3 
+g.o 

Rel. A, ,  2O 4 O  6' 

100 km 2' 
1' 
O0 

10 km 2O 
lo 

O0 

0 
+2 
+2 

-2 
-2 
0 

-2 
-1 
-2 

-2 
-2 

-3 

-3 
-2 
-3 
-1 
-1 

-3 
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SECTION 5 

RESULTS 

5 . 1  INTERSECTING BEAMS - LOSS CONTOURS 

A computer  program based  on E q u a t i o n  (2-13)  h a s  been  used  t o  
p roduce  F i g u r e  5-1, f o r  X = 5 em, k = 4/3, and b t s  = 2 O ,  c o r r e s -  
pond ing  t o  a 6- foot  d i a m e t e r  t e r r e s t r i a l  s t a t i o n  p a r a b o l o i d a l  an- 
t e n n a .  T h i s  i s  a p l a n  view,  l o o k i n g  down a t  t h e  e a r t h ,  showing 
a n  e a r t h  s t a t i o n  l o c a t e d  w i t h  i t s  a n t e n n a  beam d i r e c t e d  t o  t h e  
r i g h t  and e l e v a t e d  3" o r  3 0 " .  A t  any p o i n t  on t h e  e a r t h ,  a r a d i o -  
r e l a y  s t a t i o n  i s  assumed t o  be l o c a t e d  w i t h  i t s  beam aimed toward  
t h e  l o w e s t  i n t e r s e c t i o n  w i t h  t h a t  o f  t h e  e a r t h  s t a t i o n .  The con- 

t o u r s  a re  i s o p l e t h s  o f  t r a n s m i s s i o n  l o s s ,  Pr - Pt = 1 0  l o g  ( P r / P t ) ,  
i n  d e c i b e l s ,  f o r  0 . 0 2  p e r c e n t  o f  t h e  w o r s t  month o f  one  summer a t  
M o n t r e a l .  Approximate f i g u r e s  may be o b t a i n e d  f o r  some o t h e r  p e r -  
c e n t a g e  S by add ing  1 2  l o g  ( . 0 2 / S ) , t h u s  t h e  i n t e r f e r e n c e  i s  less  
f o r  t h e  h i g h e r  p e r c e n t a g e s .  S i m i l a r l y ,  a d j u s t m e n t s  may b e  made 
f o r  o t h e r  v a l u e s  o f  A and b t s  by r e f e r e n c e  t o  E q u a t i o n  ( 2 - 1 3 ) .  
Higher  v a l u e s  of  E t s  i n c r e a s e  t h e  l o s s ,  and bes has no e f f e c t  i n  
t h e  h o r i z o n t a l l y  uni form medium assumed. It  may be n o t e d  t ha t  
t h e  s h a p e  of t h e  c o n t o u r s  i s  c o n t r o l l e d  l a r g e l y  by t h e  i n v e r s e  
s i n e  of t h e  a n g l e  between t h e  beams as  shown i n  E q u a t i o n  ( 2 - 7 a ) ,  
s o  t h a t  t h e  s e p a r a t i o n  f o r  c o n s t a n t  loss i n c r e a s e s  as t h e  beams 

become more n e a r l y  p a r a l l e l ,  even beh ind  t h e  e a r t h  s t a t i o n  a t  
s h o r t  r a n g e s .  

F o r  a n  e a r t h  s t a t i o n  w i t h  a n  a n t e n n a  e l e v a t i o n  o f  30" or 
more, i t s  a n t e n n a  beam l e a v e s  t h e  a tmosphe re ,  assumed t o  be  2 0  km 
t h i c k ,  no f a r t h e r  t h a n  35 km h o r i z o n t a l l y  from t h e  s t a t i o n ,  s o  
t h a t  d t s  = d a p p r o x i m a t e l y .  
i n  moving a round  t h e  s t a t i o n  i s  o n l y  abou t  3 d B .  T h e r e f o r e  t h e  
c o n t o u r s  a r e  ve ry  c l o s e l y  c i r c l e s  such  as would b e  found f o r  a 
v e r t i c a l  beam, conf i rmed b y  t h e  computer  i n  t h e  lower  h a l f  o f  
F i g u r e  5-1. 

F u r t h e r ,  t h e  maximum change i n  s i n  63 
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5 . 2  INTERSECTING BEAMS - LOSS PROFILES 

As F i g u r e  5-1 c o v e r s  a v e r y  l i m i t e d  r a n g e  o f  v a r i a b l e s ,  b o t h  
g e o m e t r i c a l  and m e t e o r o l o g i c a l ,  a f a i r l y  g e n e r a l  method f o r  man- 

c e r n p u t a t i ~ n  is a l s ~  ~ f f e r e d ,  based oil tile b t l i ~ i e a r  r e f l e c t i v i t y  
p r o f i l e  f o r  Mont rea l .  It w i l l  be  used  f i r s t  t o  d e r i v e  v a l u e s  f o r  
compar ison  w i t h  F i g u r e  5-1 and t h e n  t o  show t h e  e f f e c t s  of  chang ing  
t h e  e f f e c t i v e  r a d i u s  of  t h e  e a r t h ,  e t  c e t e r a .  

Using t h e  method o f  Pa rag raph  2 . 2 ,  w i t h  b t s  = 2" and Ees = 30°, 

hb = D/115 a t  e = 90" 

= D/57.3 a t  e = o 0  or 1800  

I n t e r s e c t i o n  h e i g h t s  may b e  found from F i g u r e  5-2, a p l o t  o f  

h = D /17,000 + D E t s  w i t h  h and D i n  k i l o m e t e r s .  
( 2 - 7 1 ,  t h e  c u r v e  marked Ets  = 0" o f  F i g u r e  5-3 may b e  found,  
a g r e e i n g  f a i r l y  w e l l  w i t h  the l ower  h a l f  o f  F i g u r e  5-1. 

2 From E q u a t i o n  

The e f f e c t s  o f  s e v e r a l  changes a r e  a l s o  shown on F i g u r e  5-3. 
The c u r v e  f o r  Ets  = 2" i n d i c a t e s  t h e  r e d u c t i o n  o f  i n t e r f e r e n c e  
from t h e  h i g h e r  common volume. The c u r v e  f o r  hts  = 0 . 1  k m  r e -  
f l e c t s  t h e  f a c t  t h a t  an  e l e v a t e d  t e r m i n a l  can  see ,  a t  l o n g e r  
r a n g e s ,  t h e  lower ,  s t e e p e r  p o r t i o n  o f  t h e  b i l i n e a r  p r o f i l e ,  w i t h  

a l a r g e r  e f f e c t i v e  Z .  

S i m i l a r l y  t h e  c u r v e s  f o r  k = 2 .8  and k = C Q  show t h e  e f f e c t  
o f  s u p e r  r e f r a c t i o n  and d u c t i n g ,  which lower The common volumes 
c o n s i d e r a b l y  a t  v e r y  l o n g  r a n g e s .  T a b l e  5-1 ( R e f e r e n c e  1 3 )  i n -  
d i c a t e s  t h e  o c c u r r e n c e  o f  b o t h ,  a l t h o u g h  t h i s  t a b l e  must b e  used  
w i t h  c a u t i o n ,  as t h u n d e r s t o r m s  a re  unknown i n  t h e  A n t a r t i c  and  
may n o t  o c c u r  a t  t h e  same t ime  as d u c t i n g  i n  Sa igon .  T h e r e  i s  
r e a s o n  from page 2 2  o f  Re fe rence  3 and e l s e w h e r e  ( R e f e r e n c e  1) to 
b e l i e v e  t h a t  t h e r e  i s  some c o r r e l a t i o n ,  b u t  t h e  mat ter  has n o t  
y e t  been p u r s u e d .  

A l l  of t h e  p r e c e d i n g  c u r v e s  a r e  based  on t h e  Mont rea l  1963 
compos i t e  s t a t i s t i c a l  d a t a ,  s o  i t  must b e  r e c o g n i z e d  as i n d i c a t e d  
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, I 

i n  P a r a g r a p h  3 . 5  t h a t  t h e  i n t e r f e r e n c e  may be c o n s i d e r a b l y  worse  
a t  d i f f e r e n t  t i m e s  and p l a c e s .  A s  t h u n d e r s t o r m s  a re  v e r y  e r r a t i c  
i n  most  t e m p e r a t e  c l i m a t e s ,  i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  

e f f e c t  of c o n t i n u o u s  r a i n  of  50 mm/hy, u s i n g  t h c  methzld of Pa1-a- 

graph '  3 . 2 ,  i s  abou t  t h a t  f o r  E t s  = 0 ,  o u t  t o  250 km where i t  f a l l s  

o f f  s h a r p l y  because  of i t s  l i m i t e d  e x t e n t  i n  h e i g h t .  T a b l e  3-1 
i n d i c a t e s  t h e  l i k e l i h o o d  o f  such  a r a i n f a l l  r a t e  f o r  one hour  of  
any y e a r  i n  a r a i n y  c l i m a t e ,  and f o r  more t h a n  0 . 0 1  p e r c e n t  o f  a 
month o r  f o u r  m i n u t e s  i n  most ( R e f e r e n c e  8 ) .  

The c u r v e  marked 40  - Lb r e p r e s e n t s  t y p i c a l  t r a n s h o r i z o n  loss 
a l o n g  a g r e a t - c i r c l e  p a t h  ove r  l a n d ,  found from t h e  p r o p a g a t i o n  
c u r v e s  o f  Rec. 1 A  o f  t h e  F i n a l  Acts  of  t h e  EARC (Geneva, 1963) 
o r  C C I R  Doc. IV/1022 (1963-1966). The g o v e r n i n g  e q u a t i o n  i s  

The r a d i o - r e l a y  a n t e n n a  i s  c o n s i d e r e d  aimed a t  t h e  e a r t h  s t a t i o n  
w i t h  i t s  g a i n ,  
may be c o n s i d e r e d  o n l y  i s o t r o p i c  ( G t  = O), p r e c i p i t a t i o n  s c a t t e r  
i s  s t i l l  i m p o r t a n t  f o r  p a t h s  ove r  t h e  sea.  The h o r i z o n t a l  g a i n  
o f  t h e  e a r t h - s t a t i o n  a n t e n n a ,  G r ,  i s  t a k e n  as z e r o  f o r  e l e v a t i o n s  
h i g h e r  t h a n  1g0, a m o d i f i c a t i o n  o f  t h e  p a t t e r n  recommended i n  C C I R  

t a k e n  as 4 0  d B .  Even i f  i t  i s  aimed o f f  and Gt '  

D O C .  IV/1O1O (1963-1966): 

F o r  lower  e l e v a t i o n s ,  o f  c o u r s e ,  t h e  c u r v e  marked 4 0  - Lb moves 

up. The s i t e - s h i e l d i n g  f a c t o r ,  Fs, moves t h e  c u r v e  down to r e d u c e  
i n t e r f e r e n c e  and w i l l  b e  e f f e c t i v e  a g a i n s t  c o n t i n u o u s  r a i n  and t h e  

composi te  p r o f i l e  l e a d i n g  t o  c u r v e s  s u c h  as E t s  = 2 O ,  u n l e s s  o f f -  
se t  b y  r e f r a c t i o n .  T h i s  e f f e c t i v e n e s s  w i l l  b e  i l l u s o r y ,  however,  
a g a i n s t  a s e v e r e  s to rm i n  t h e  common volume, i n  which l a r g e  s c a t -  
t e r i n g  p a r t i c l e s  may b e  found up t o  g r e a t  h e i g h t s .  
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5 . 3  NON-INTERSECTING BEAMS 

The geometry o f  t h e  common volume of  two i n t e r s e c t i n g  beams 
i s  r e l a t i v e l y  s i m p l e  compared t o  t h a t  o f  t h e  two e x t e n s i v e  beams 
i n v o l v e d  i n  t h e  n o n - i n t e r s e c t i n g  c a s e .  It can  b e  s e e n ,  f o r  
example,  t h a t  i f  t h e  h i g h - e l e v a t i o n  e a r t h - s t a t i o n  a n t e n n a  beams 
of  a r e g i o n a l  d i s t r i b u t i o n  s y s t e m  are  o f  s p e c i a l  i n t e r e s t ,  t h e y  

a r e  i n  a s e n s e  matched t o  v e r t i c a l l y - d e v e l o p e d  t h u n d e r s t o r m s  of  
small  h o r i z o n t a l  e x t e n t ,  b u t  no t  t o  low- ly ing ,  e x t e n s i v e ,  s t r a t i -  
form r a i n .  On t h e  o t h e r  hand,  t h e  l o w - e l e v a t i o n  e a r t h - s t a t i o n  
a n t e n n a  beam o f  a n  i n t e r c o n t i n e n t a l  communication sys tem w i l l  b e  

f a r  more concerned  w i t h  t h e  l a t t e r  t h a n  w i t h  t h e  fo rmer .  The 

t e r r e s t r i a l  s t a t i o n  r a d i o - r e l a y  beam i s  a l s o  c h i e f l y  conce rned  
w i t h  t h e  s t r a t i f o r m  r a i n ;  t h e r e f o r e  i t  i s  n e c e s s a r y  t o  c o n s i d e r  
b o t h  beams i n  s p e c i f i c  c a s e s .  

These two p o i n t s  may b e  i l l u s t r a t e d  by c a l c u l a t i o n s  u s i n g  
E q u a t i o n s  ( 2 - 2 2 )  and ( 2 - 2 4 )  and t h e  f o l l o w i n g  a s s u m p t i o n s :  

X = 5 ern 
d = l O l a n  

b , ,  = 2' 

E,, = 90' (Beams p e r p e n d i c u l a r )  
= 10' (3eams r o u g h l y  p a r a l l e l )  

a,, = 20° 

Thunders torm Z = 6 x lo5, c o n s t a n t  t o  h = 10  km w i t h  r a d i u s ,  u, 

Cont inuous  r a i n  Z = 6 x 105, c o n s t a n t  t o  h = 2 km, i n f i n i t e  
of 1.5 km 

i n  h o r i z o n t a l  e x t e n t  

Using E q u a t i o n s  ( 2 - 2 2 )  and ( 2 - 2 4 )  

+ (5-3) 

where s = 1 0 0 0  h / s i n  Ees 
w i t h  h = h e i g h t  o f  p r e c i p i t a t i o n  i n  k i l o m e t e r s .  

s t o r m s  o f  r a d i u s  u k i l o m e t e r s ,  l o c a t e d  f o r  maximum e f f e c t ,  

f o r  c o n t i n u o u s  p r e c i p i t a t i o n  
For t hunde r -  
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o r  

s = 2OOOu/cos E,, i f  E < sin-' h/2u (5-4a) 

(5--4b)  -1 s = 2000h/s in  Ees i f  E > s i n  h/2u 

a n d  the  t e r m  l /y  s h o u l d  be m u l t i p l i e d  by (1/90) tan- '  (lOOOu/y) . 
The r e s u l t s  a r e  as  f o l l o w s  i n  d e c i b e l s :  

E, 8 Ip& (pr -p, ) t s  P, -P+ 

TST 9 O0 -132 -143 -130 
1. oo -136.5 -143 -136 

Cont .  90' -139 -136.5 -135 
1 oo -131.5 -136.5 -131 

A s  e x p e c t e d  the h i g h  beam p r o d u c e s  more i n t e r f e r e n c e  i n  the  
t h u n d e r s t o r m  t h a n  the low does ,  and v i c e  versa .  

It may b e  n o t e d  t h a t  f o r  t h e  two w o r s t  c a s e s ,  ( P r  - P t ) t s  

may b e  i g n o r e d  and t h a t  t h e  same e q u a t i o n  a p p l i e s ,  

I f  a r b i t r a r i l y  h/sin'Ees i s  t a k e n  as 20 w i t h  Z e  = 3 x lo5, and i f  

i t  i s  a g r e e d  t h a t  pr /pt  shou ld  b e  no more t h a n  1 0  

found t o  b e  9 , 4 0 0  meters or about  6 m i l e s .  T h i s  r e p r e s e n t s  t h e  

c l o s e s t  p e r m i s s i b l e  approach  between t h e  t e r r e s t r i a l  beam 

a x i s  and  t h e  e a r t h - s t a t i o n  beam which has p r a c t i c a l l y  z e r o  w i d t h .  

A l t e r n a t i v e l y ,  i f  i t  i s  n e c e s s a r y  t o  l o c a t e  a n  e a r t h  s t a t i o n  among 
many t e r r e s t r i a l  s t a t i o n s ,  t h e i r  beams may b e  p l o t t e d  on a map 

assuming a w i d t h  o f  1 2  m i l e s  and t h e  s p a c e  between them c o n s i d e r e d  
as p o s s i b l e  s i t e s  for t h e  e a r t h  s t a t i o n .  The f i r s t - o r d e r  r e s u l t  
must b e  m o d i f i e d  by c o n s i d e r a t i o n  o f  e a r t h - s t a t i o n  beam o r i e n t a -  
t i o n ,  t e r r e s t r i a l  s t a t i o n  beam h e i g h t  n e a r  t h e  chosen  s i t e  and 
approx ima te  v a l u e s  o f  Z e  and h ,  b u t  it d o e s  p r o v i d e  t h e  d e s i r e d  
rough g u i d e  f o r  a v o i d i n g  harmful  i n t e r f e r e n c e .  

t h e n  y i s  -14 
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5.4 C O N C L U S I O N S  

It h a s  been shown i n  t h e  p r e c e d i n g  d i s c u s s i o n  t h a t  n o n - i n t e r -  
s e c t i n g  beams a re  n o t  l i k e l y  to produce  ha rmfu l  i n t e r f e r e n c e  w i t h -  

out a s e v e r e  combir ia i ior i  oi’ sinaii sepEtr.a‘;ior-i, s t o ~ n i y  weatheit, oi= 
low t o l e r a n c e  such  as  f o r  a s t a t i o n  i n  t h e  manned s p a c e  s e r v i c e .  
For i n t e r s e c t i n g  beams, on t h e  o t h e r  hand,  r e l a t i v e l y  m i l d  weather 
and l a r g e  t o l e r a n c e s  may r e s u l t  i n  u n d e s i r a b l e  i n t e r f e r e n c e  a t  
hundreds  o f  k i l o m e t e r s  s e p a r a t i o n .  T h i s  b r i n g s  abou t  a v e r y  pe- 
c u l i a r  s i t u a t i o n .  

By d e f i n i t i o n ,  c o o r d i n a t i o n  d i s t a n c e  c a l c u l a t i o n s  must be 
s i m p l e ,  i g n o r i n g  r a d i o - r e l a y  a n t e n n a  a z i m u t h s .  Yet i n  most c l i -  
mates, n o t  o n l y  can  s e r i o u s  i n t e r f e r e n c e  a r i s e  or b e  c a u s e d  i n  a 
r e g i o n  o u t s i d e  t h e  c o o r d i n a t i o n  d i s t a n c e ,  b u t  a l s o  any  s i t e  
s h i e l d i n g ,  such  as  t h a t  u sed  a t  Andover and o t h e r  s t a t i o n s  to 
l i m i t  t h e  d i s t a n c e ,  may be i n e f f e c t i v e .  T h e r e  i s ,  however,  some 
measure  o f  p r o t e c t i o n  a g a i n s t  t h i s  problem when c o o r d i n a t i o n  of  
a s t a t i o n  i n  t h e  s p a c e  communication s e r v i c e  i s  per formed f o r  a 
wide r a n g e  o f  a z i m u t h s ,  and down to a low e l e v a t i o n .  T h i s  ex- 
t e n d s  t h e  p r o c e s s  t o  a wide r e g i o n  l i k e l y  to c o n t a i n  most o f  t h e  

s o u r c e s  of  p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e  and g e n e r a l l y  c a u s e s  
a v o i d a n c e  o f  c o n c e n t r a t i o n s  of p o p u l a t i o n  and r a d i o - r e l a y  s t a t i o n s .  
On t h e  o t h e r  hand,  some c u r r e n t  p r o p o s a l s  f o r  t e l e v i s i o n  r e l a y  
by s a t e l l i t e  e n v i s i o n  e a r t h  s t a t i o n s  c l o s e  t o  each  of hundreds  o f  
e x i s t i n g  t e l e v i s i o n  b r o a d c a s t  s t a t i o n s  whose l o c a t i o n s ,  based on 
p o t e n t i a l  c u s t o m e r s ,  c o r r e l a t e  c l o s e l y  w i t h  p o p u l a t i o n  c e n t e r s  and 
t h e i r  a t t e n d a n t  microwave communication complexes.  I n  t h i s  c a s e  
i t  i s  l i k e l y  t h a t  c o o r d i n a t i o n  f o r  a nar row r a n g e  of  az imuths  and 
e l e v a t i o n s  w i l l  b e  sought  f o r  two r e a s o n s :  t h e  n e c e s s i t y  o f  a iming  
a t  o n l y  a s h o r t  p o r t i o n  of  t h e  s t a t i o n a r y  o r b i t  and t h e  r e q u i r e m e n t  
of  a v o i d i n g  i n t e r f e r e n c e  t o  a r e l a t i v e l y  l a r g e  number o f  r a d i o -  
r e l a y  s t a t i o n s .  It i s  t h i s  l a t t e r  a v o i d a n c e  which may b e  r e n d e r e d  
e n t i r e l y  i l l u s o r y  by p r e c i p i t a t i o n  s c a t t e r  from f a r  o f f  t h e  u s u a l  
g r e a t - c i r c l e  p a t h s .  T h e r e f o r e ,  i t  i s  s u g g e s t e d  when c o o r d i n a t i o n  
i s  b e i n g  i n i t i a t e d  f o r  l e s s  t h a n  h e m i s p h e r i c  c o v e r a g e ,  t h a t  F i g u r e  

5-10 



ACKNOWLEDGEMENT 

The assistance of A .  Cohen and J. Ruttenberg in geometrical 
analysis and computer* prwgrariiiiiiiig is grateI'ully acknowledged, as 

well as the careful review and useful suggestions of W.I.Thompson,III, 
of N A S A .  

5-12 



5-1 b e  used  as a rough i n d i c a t i o n  o f  t h e  r e g i o n  w i t h i n  which r a d i o -  

r e l a y  s t a t i o n s  may i n t e r f e r e ,  w i t h  c o n s i d e r a t i o n  g i v e n  to t h e  

r e l a t i v e  s e v e r i t y  of  s t o r m s  and t h e  n a t u r e  o f  t h e  e a r t h  s t a t i o n .  

c e d u r e  can  be  made more d e f i n i t e  and e f f e c t i v e  a f t e r  a r e v i e w  o f  
a v a i l a b l e  c l i m a t o l o g i c a l  and wea the r  radar d a t a .  

m, l I l e I l  t i l e  ci.itei=ia of D - m - r r m n n h  I; 2 c h n l i l d  
L a l a b , r a p l l  2.3 u i i v a I u  b e  a p p l i e d .  T h i  ~ Y Q -  
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APPENDIX A 

COMPUTATION OF TRANSMISSION LOSS 

A program has been w r i t t e n  t o  compute p r e c i p i t a t i o n  s c a t t e r  
t r a n s m i s s i o n  loss w i t h  s p e c i f i c  a p p l i c a t i o n  t o  t h e  problem of  most 
c o n c e r n ,  t h a t  of a n  e a r t h  s t a t i o n  aimed a t  a s a t e l l i t e  anywhere 
i n  t h e  s t a t i o n a r y  o r b i t .  The problem under  c o n s i d e r a t i o n  i s  t h e  

e x p e c t e d  i n t e r f e r e n c e  t o  t h e  Rosman, N . C . ,  e a r t h  s t a t i o n  from a 
l a r g e  g r o u p ,  bu t  by no means a l l ,  o f  t h e  r a d i o - r e l a y  s t a t i o n s  o f  
i n t e r e s t ,  as shown on F i g u r e  A - 1 .  The b road  l i n e s  a r e  s t a t e  
b o u n d a r i e s .  The t h i n  s o l i d  l i n e s  are  4-GHz l i n k s ,  t h e  dashed ,  

6 G H z .  Rosman i s  shown b y  a s t a r .  Only l i n k s  o r i e n t e d  toward  
Rosman were s e l e c t e d  f o r  s t u d y .  

A program c a l l e d  NEWAZ f i n d s  f o r  t h e  e a r t h  s t a t i o n ,  and e a c h  
t e r r e s t r i a l  r a d i o - r e l a y  s t a t i o n ,  which s t a t i o n a r y  s a t e l l i t e  l o n g i -  
t u d e  p r o d u c e s  a beam i n t e r s e c t i o n ,  g i v i n g  a l s o  beam i n t e r s e c t i o n  
h e i g h t  and e a r t h - s t a t i o n  az imuth  and e l e v a t i o n .  The r e s u l t s  a re  
passed on t o  and p r i n t e d  by t h e  n e x t  program as shown i n  F i g u r e  
A - 2 .  

AZNEW u s e s  t h e  p r e c e d i n g  data  t o  compute t h e  t r a n s m i s s i o n  
l o s s  v i a  p r e c i p i t a t i o n  s c a t t e r .  O t h e r  i n p u t s  a re :  

a .  

b .  

C .  

d .  

e .  

f .  

g *  

R a t i o  of e f f e c t i v e  t o  t r u e  e a r t h ' s  r a d i u s ,  K ( =  1 . 3 3 )  

Maximum h e i g h t  of  p r e c i p i t a t i o n ,  TOP ( =  2 0  k m )  

Maximum h e i g h t  of  i n t e r s e c t i o n  u s e d ,  H ( =  66 KFT) 

Wavelength,  L ( =  7 . 5  em) 

Number o f  s l i c e s  added, N ( =  2 0 )  

R e f l e c t i v i t y  p r o f i l e  2 ( =  Mont rea l  1963) 

T e r r e s t r i a l  s t a t i o n  a n t e n n a  p a t t e r n ,  G A I N  TS ( =  D e l a y  
Lens TD-2) 
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h .  E a r t h - s t a t i o n  beamwidth,  BW ( =  C.14O) 

i .  E a r t h - s t a t i o n  a n t e n n a  p a t t e r n ,  G A I N  ( =  C C I R  = 3 2 - 2 5  

log a o )  

The o u t p u t s  i n c l u d e  ( a n g l e s  i n  d e g r e e s  and m i n u t e s ) :  

a .  E a r t h - s t a t i o n  l a t i t u d e ,  l o n g i t u d e ,  

az imuth  t o  i n t e r s e c t i o n  if above  5" i n  e l e v a t i o n ,  
o t h e r w i s e  n e a r e s t  o f  100' o r  2600 to i n t e r s e c t i o n .  
I n  t h e  l a t t e r  c a s e s  e l e v a t i o n  used  i s  5" .  E l e v a t i o n  
o f  i n t e r s e c t i o n  o r  NO SOLUTION. 

b .  T e r r e s t r i a l  s t a t i o n  l a t i t u d e ,  l o n g i t u d e ,  az imuth  and 
e l e v a t i o n .  

e .  Long i tude  o f  s a t e l l i t e  c a u s i n g  i n t e r s e c t i o n .  

d .  I n t e r f e r e n c e  Pr-Pt i n  d e c i b e l s  
dB = t o t a l  o f :  
PR = e f f e c t  of  s i d e l o b e s  o f  t e r r e s t r i a l  a n t e n n a  
C I  = e f f e c t  o f  s i d e l o b e s  o f  e a r t h - s t a t i o n  a n t e n n a  
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AZN E W 1Sr55 WS WED 03/08/67 

I N  SUBSJR 

I N  PRPT 
IN .FIRST 

I N  *FIRST 

? 0 . 2 5 ~ 1 0 2 5  
K z 1 . 3 3  TOP= 200KM H= 200KM WL= 705CM N= 20. Z=M GAINTS=DL 

KID 69 35 2 '  

KID 72 35 50' 

KIH 23 34 44' 
KIH 24 34  41' 

KIU 47 35 58' 

KIY 59 34 0 '  

KIY 60 34 1 1 '  

KIY 61 34 28' 

K J A  91 35 49' 

K J A  97 34 1 1 '  

KJM 61 35 18 '  

KRT 36 35 7 '  

KRT 44 34 29' 

DB=-149.  5 

DB=-163.4 

DB=-131.3 

DB=-136* 1 

DB=- 1 45. 0 

DB=-138*2 

D k -  135.3 

DB=- 134.3 

DB=- 143.1 

DB=- 147. 9 

DB=- 169.4 

DB=-139.2 

-81 15' 270 
Pfic=-l49* 6 

-80 3 '  257 

-79 20'  286 
-78 51' 278 

-83 55' 127 
PR=-136. 1 

-81 1 '  299 
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